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Abstract 
Depolarization lidar (light detection and ranging) measurements were performed for the 
first time using a coherent white light continuum light ranging from UV to IR regions. Firstly, 
the polarization properties of the white light generated in a 9-m-long gas cell with krypton gas 
were investigated with a terawatt femtosecond laser system. The white light polarization is the 
same as that of the linearly polarized original laser. These results have a significant effect on the 
use of a white light depolarization lidar. The main characteristics of the white light depolariza-
tion lidar system are presented in chapter 2, along with a description of the depolarization mea-
surements at 450 nm. The lidar system consisted of a depolarization channel at 450 nm and the 
five-wavelength Mie scattering channels at 350, 450, 550, 700, and 800 nm. This first observa-
tion provided the necessary foundation for the multi-wavelength depolarization lidar. 
 
For further investigation in chapter 3, the white light depolarization lidar system was de-
veloped to permit simultaneous measurement of depolarization ratios at 450, 550, and 800 nm. 
The results presented here provided the wavelength dependence to enable the multi-wavelength 
depolarization ratio to be used as a method to evaluate the size of the atmospheric aerosols 
without using conventional inversion algorithms. Moreover, the T-matrix computation of depo-
larization ratio supports the idea that the particle size can contribute significantly to the depola-
rization ratio. 
 
In chapter 4, an observation of Asian dust aerosols was described for the first time using 
the white light depolarization lidar system. Lidar depolarization ratios of 0.30-0.70 at 800 nm 
were obtained. These data revealed a higher depolarization ratio than usual (normally almost 
zero) in the lower troposphere. Thus, the white light lidar can identify Asian dust particles that 
pose a threat to cross-border pollution in Japan. 
 
A method for evaluating the number density of particles in atmospheric clouds is pre-
sented, based on depolarization measurement of backscattering and multiple scattering from ice 
clouds. The lidar we used in the observation is a three-wavelength (450, 550, and 800 nm) de-
polarization lidar with a variable receiving field-of-view (FOV). The wavelength dependence of 
multiply scattered lidar returns has made possible the retrieval of cloud droplet size and the par-
ticle size density distribution. 
 
White light lidar is an efficient tool for remotely measuring the multi-wavelength back-
scattered signal simultaneously, but the available wavelength is limited by the white light inten-
  ii
sity. In chapter 7, a noise reduction based on wavelet transform was proposed to detect the weak 
signals buried in noises. Firstly, the raw data are decomposed by means of the wavelet transform, 
secondly, the wavelet coefficients are shrunk, and finally, the denoised signal is reconstructed 
from the processed wavelet coefficients through the inverse wavelet transform. This method can 
improve quality of the lidar signal by reducing the noise without affecting the original signal. It 
also allows the detection of backscattered signals from clouds which were buried in noise. The 
result of this study demonstrated that wavelet signal denoising could improve the detectable 
range of the white light lidar system. 
 
Last chapter summarizes the obtained results and present the future prospects of this field. 
This study shows that the white light lidar system can be utilized as sensor widely for meteoro-
logical and environmental measurement. 
  iii
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Chapter 1  
Introduction 
 
 
    
 
This chapter explains the basic characteristics of lidar techniques. Section 1.1 shows the applied 
geoscience significance of the lidar observation and lists the general lidar techniques. Section 
1.2 focuses on basic theories on Mie scattering lidar, which plays an essential role in lidar mea-
surement. Section 1.3 illustrates a coherent white light continuum. It shows the principle of the 
coherent white light continuum. Section 1.4 outlines this thesis. 
 
 
1.1. Introduction to lidar 
 
1.1.1. Lidar and monitoring of the atmosphere 
 
LIDAR (light detection and ranging) is a widely used tool for the remote sensing of the 
atmosphere using laser. Lidar techniques have high spatial and temporal resolution, the possibil-
ity of observing the atmosphere at ambient conditions, and the potential of covering the height 
range from the ground to more than 100 km altitude. These make them very powerful and at-
tractive techniques for monitoring the atmosphere, especially in recent times when global envi-
ronmental problems have become very important. The variety of interaction processes of the 
emitted radiation with the atmospheric constituents allow the determination of the basic atmos-
pheric variable state such as temperature, pressure, humidity, and wind, as well as the measure-
ment of trace gases, aerosols, and clouds (Weitkamp, 2005). 
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Lidar systems are laser-based systems that operate on principles similar to that of conven-
tional radar (radio detection and ranging). Although microwave radar has certain advantage, it is 
limited by its longer wavelength to accurately characterize small particles such as atoms, mole-
cules, and aerosols. However, lidar has adequate resolution for these small particles because of 
its shorter wavelength. Therefore, lidar has been used to investigate the complex dynamic sys-
tem of the atmosphere during the industrial age, including the destruction of the ozone layer 
(Browell et al., 1990) and the global warming (Tegen et al., 1996). Lidar helps monitor the in-
tercontinental transport of air pollution such as volcanic ash, photochemical smog, Asian dust 
(Shimizu et al., 2004), and forest-fire smoke. Lidar instruments can operate from the ground, 
aircraft, or the Space Shuttle. In the near future satellite-based lidar instruments will carry out 
global observations of atmospheric constituents from space. 
 
1.1.2. Conventional lidar techniques 
 
Lidar can be classified with respect to the variety of interaction process of the emitted 
radiation with the atmospheric constituents. Table 1-1 summarizes the lidar applications in ob-
servation of the atmosphere. Elastic-backscatter lidar is the classic form of lidar and has in prin-
ciple been described in the next section. Rayleigh and Mie scattering are elastic scattering in 
which the wavelength of the scattered light is the same as that of the incident light to the target. 
Rayleigh scattering can be defined as the elastic scattering from particles that are very small 
compared to the wavelength of the scattered radiation. In the context of lidar, Rayleigh scatter-
ing is always used as a synonym for molecular scattering from nitrogen and oxygen. Mie scat-
tering lidar is used to detect the clouds and aerosols with size comparable to the wavelength of 
the radiation, or larger. In the region where particle’s radius and wavelength are of similar mag-
nitude, the wavelength dependence of the scattering intensity varies strongly. Wave-
length-dependent detection of light scattering can therefore be used to obtain information on 
size and other parameters of atmospheric aerosol particles in the radius range from about 50 nm 
to a few micrometers. 
 
The Raman lidar technique makes use of an inelastic scattering process which involved 
the change of the vibrational-rotational energy level of the molecule. The frequency shifts of 
scattered radiation are characteristic of the interacting molecule. In absorption methods, two 
laser beams, one with a wavelength corresponding to a strongly absorbing transition and one 
with a wavelength at which there is only weak absorption, are transmitted into atmosphere. 
From the difference between the two signals, the density distribution of the absorbing species 
can be determined. Resonance fluorescence is obtained if the energy of the incoming photon 
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coincides with the energy of a transition in an atom, ion, or molecule from one level into anoth-
er level. 
 
In all of the above method, the intensity of the backscattered signals is the only important 
quantity. In Doppler lidar, the wind speed can be determined from the Doppler shift of the scat-
tered light. Polarization lidar is utilized to estimate the shape of the scattering particles and the 
degree of multiple scattering from the depolarization ratio. 
 
Table 1-1. Lidar methods. 
Type of interaction Measured species 
Mie scattering 
Rayleigh scattering 
Raman scattering 
Resonance absorption 
Resonance fluorescence lidar 
aerosols, clouds, smog, mist 
atmospheric molecules (N2, O2) 
N2, O2, H2O, NO2, SO2, etc. 
H2O, O3, NO2, SO2, etc. 
Na, Fe
+
, etc. 
 
Property of light Measured quantity 
Polarization 
Doppler shift 
shape 
wind speed  
 
 
1.1.3. White light lidar 
 
After the chirped pulse amplification technique was invented in the mid-1980s, tabletop 
short pulse laser systems became popular in many scientific fields. The development of this 
short pulsed laser sources with high peak powers has resulted lots of interest in the area of the 
extreme nonlinear phenomenon. The propagation of high-intensity ultrashort pulses in transpa-
rent nonlinear medium gives strong nonlinear effects such as self-focusing, self-phase modula-
tion, and so on, which lead to strong modifications of the pulse characteristics (Shen, 1984; 
Close et al., 1966; Ranka et al., 1996; Brodeur and Chin, 1998; Nishioka et al., 1995; Kasparian 
et al., 2000). 
 
One of the most interesting features observed is the formation of the coherent white light 
continuum whose wavelength ranges from the UV to the IR region. This phenomenon has been 
observed in a variety of transparent materials including gases, liquids, and solids. Because the 
white light pulse has spatial and frequency coherence, the energy can be concentrated in a small 
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space and a short time like the original laser. The full-angle divergence generated in rare gases 
was about 1 mrad. Thus, applications of this white light have spread widely to include femtose-
cond time-resolved spectroscopy (Klimmov and McBranch, 1998; Kovalenko et al., 1999; 
Wang et al., 1994), broadband spectrum lidar (Rairoux et al., 2000, Galvez et al., 2002, Kaspa-
rian et al., 2003), and so on. 
 
In 2000, Rairoux (2000) reported the application of this novel light source for atmospher-
ic remote sensing. The white light continuum was generated by focusing a high-power femto-
second laser pulses (220 mJ, 100fs) using 30-m focal length or not focusing at all into atmos-
phere. They demonstrated that the remote generation of a white light source not only allows 
spectrally integrated measurement of the backscatter signal from clouds up to 12 km high, but 
also represents a new way to access the range-resolved multi-trace gas analysis in the atmos-
phere by performing measurements of the oxygen molecule and water vapor. 
 
The fundamental aspects of the observed nonlinear optical phenomena and their potential 
application for optical remote sensing provide the basis for a large-frame French-German 
project called TERAMOBILE (for “Terawatt laser in a mobile system”) (Kasparian et al., 2003). 
The femtosecond lidar system was installed in a mobile container laboratory, so it had the ad-
vantage of moving to different and relevant sites easily. Teramobile has been constructed to 
study on three themes, fs filament-based lightning control, the propagation of ultrashort laser 
pulses in air (Mechain et al., 2005; Mejean et al., 2005), and new possibilities of sounding the 
atmosphere (Mejean et al., 2004; Boutou et al., 2005). 
 
In Japan, the white light lidar project has been started by Institute for Laser Technology 
(ILT) since 2000 (Galvez et al., 2002). The project presently involves three research institutes, 
Osaka University, ILT, and De La Salle University. Contrary to white light lidar experiments in 
Teramobile projects, our experiment was based on white light generated in Kr gas (Nishioka et 
al., 1995). Therefore, the light source can be characterized directly by observations from the 
ground, which allowed us to construct a white light depolarization lidar (Somekawa et al., 
2006).  
 
1.2. Principles of Mie backscattering lidar 
 
1.2.1. Lidar setup 
 
A typical Mie backscattering lidar arrangement is shown in Fig. 1-1. Light pulses are 
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transmitted to the atmosphere, where they are attenuated and scattered. The backscattered light 
is collected by a telescope, usually placed coaxially with the laser emitter, and then detected by 
a sensitive photomultiplier. The backscattered signal contains information about the components 
present in the atmosphere. Because the light takes longer to return to the receiver from targets 
located farther away, the time delay of the return is converted into distance. Since a pulsed laser 
is used, the intensity of the backscattered light can be recorded as a function of time, and thus 
provide the required spatial resolution of the measurement. 
 
Laser
Detectors
Data acquisition 
system
Laser beam
Telescope
Atmosphere
 
Fig.1-1. Concept of Mie scattering lidar method. 
 
1.2.2. Lidar equation 
 
The received signal from a lidar system can be expressed generally by the lidar equation 
(Fernald, 1984; Sasano and Browell, 1989); 
 
 ( ) ( ) ( ) ( ) ( ) ( )[ ]{ }∫ ′′+′−+= z zdzzz
zz
zKzV
0
212
21 ,,2exp
,,
,, λαλα
λβλβ
λλ , (1-1) 
 
V(z) is the received signal for range z, K(λ) is the system constant, which depends on the differ-
ent lidar system parameters, β1 and β2 are the aerosol and air molecular volume backscatter 
coefficients, respectively; α1 and α2 are the aerosol and air molecular volume extinction coeffi-
cients, respectively. However, this lidar equation contains two unknown parameters, backscatter 
and extinction coefficients, and cannot be solved. Therefore, assuming a relationship between 
the two parameters, these parameters are determined for various measurement conditions. 
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The extinction/backscatter ratios are defined as follows: 
 
 
1
1
1 β
α
=S  for aerosols (subscript 1), (1-2) 
 
 
2
2
2 β
α
=S  for air molecules (subscript 2), (1-3) 
 
where S2 is a constant for air molecules, 
3
8
2
π
=S , and at a specific wavelength S1 is a variable 
dependent on the characteristics of aerosols. Typical values of the S1 parameter are 50 sr and 20 
sr for aerosol and cloud, respectively. 
 
According to Fernald (1984), the solution for the lidar equation can be obtained from Eqs. 
(1-1)-(1-3), that is,  
 
 ( ) ( )
( ) ( )[ ] ( )
( ) ( )[ ] ( )∫ ∫
∫
′′′′−′+
′′−
+−=
C C
C
z
z
z
z
z
z
zdzSSzXSA
zdzSSzX
zz
,2exp2
,2exp
,,
2211
221
21
λβ
λβ
λβλβ ,(1-4) 
 
where 
( )
( ) ( )CC
C
zz
zX
A
21 ββ +
= , zC is the calibration height (zC > z ), X(z) = V(z)z2 is the range 
normalized signal. At the calibration height, zc, it was assumed that the backscattering coeffi-
cient of clouds and/or aerosol is negligible. However the backscatter coefficients by aerosols, β2, 
must be determined by meteorological measurements assuming appropriate scattering coeffi-
cients by atmospheric molecules. 
 
1.2.3. Molecular component of the backscattered signal 
 
Since the size of air molecules is very small compared to lidar wavelengths used in our 
observations, elastic backscattering by atmospheric gases is described by the Rayleigh scatter-
ing approximation. The molecular volume backscattering coefficient, ( )z,2 λβ , is obtained from 
 
 ( ) ( ) [ ] [ ]
1232
4
2 srm10
nm
550
45.5, −−×














=
λ
λβ zNz , (1-5) 
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where λ is the wavelength of the return signal in nm, N(z) is the number density with altitude z 
(Collis and Russell, 1976). 
 
The number density is derived through the expression 
 
 ( ) ( )
d
A
M
Nz
zN
×
=
ρ
 , (1-6) 
 
where ρ(z) is the air density, NA is Avogadro number = 6.0247×10
23
, and Md is molecular weight 
of air = 28.97 g/mol. The air density is derived from the equation of state of the moist air 
 
 ( )
TR
e
TR
ep
z
vd
+
−
=ρ  , (1-7) 
 
where p denotes the pressure of moist air, e is the partial pressure of water vapor in moist air, Rd 
is the specific gas constant for dry air, and Rv is the specific gas constant for water vapor. 
 
 ( ) ( ) 





−−=
p
e
TR
p
z
d
ερ 11  (1-8) 
 
with 622.0== dv MMε , where Mv is molecular weight of water vapor = 18.015 g/mol. 
 
 ( ) 





′
−=
TTR
p
z
d
38.01
ρ , (1-9) 
 
where p is in dyn/cm
2
, T ′  is the dew point in Kelvin, and Rd = 2.87×106 erg/gK. (P(hPa) = 
P×10
3
 dyn/cm
2
) 
 
Pressure, temperature, and dew point at various altitudes are from the Radiosonde at 
Shionomisaki station (33.27°N, 135.46°E) which is about 153 km south of the Lidar site. The 
radiosonde data gather data at random altitudes. To obtain the molecular volume backscattering 
coefficient that has the same altitudes as the raw lidar data, a collinear approximation using the 
method of least squares was performed. 
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1.2.4. Angstrom coefficient 
 
The size distribution of particles can be estimated from the wavelength dependence of 
backscattering coefficient given by
å)/)(()( 211121 λλλβλβ = . Then 
 
 ( ) ( ){ } ( )212111 ln/ln λλλβλβ−=å  (1-10) 
 
where λ1 and λ2 are wavelength, å is the wavelength exponent or the angstrom coefficient. If the 
aerosol number distribution is represented in a certain size range by a relation of the form 
 
 
v
p
p
D
dD
dN −≈  (1-11) 
 
then å = v – 3. Higher values of å indicate small particles whereas smaller values, sometimes 
zero or negative values which are usually obtained for clouds, indicate large size particles. 
 
1.3. Generation of ultra-short white light continuum 
 
When electric field E is applied to a medium, birefringence effect called “electro-optics 
effect” occurs. The case where the induced refractive index is proportional to square of electric 
field E, it is called “Kerr effect”. An intense electric field of light causes “optical Kerr effect”. 
Every material has a nonlinear refractive index, so the response for electric field E is expressed 
as follows, 
 
 
2
20 Ennn += , (1-12) 
 
where n0 is the refractive index and n2 is the nonlinear refractive index. In a material with the 
refractive index that increases with intensity, the change of the nonlinear refractive index causes 
the self-trapping and self-phase-modulation phenomenon in the intense laser beam propagation.  
 
1.3.1. Self-trapping 
 
When the refractive index of a medium changes with intensity of light, the phase velocity 
will change with beam intensity. Upon entering the medium with a nonlinear refractive index, a 
portion of high intensity differs in a refractive index from a portion of low intensity. For exam-
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ple, in a substance that the nonlinear refractive index is positive, the central part of the beam 
having a higher intensity should experience a larger refractive index than the edge. Therefore, 
the central part of the beam travels at a slower velocity than the edge. Consequently, the wave 
surface curves as seen in Fig. 1-3. 
 
Gaussian pulse shape
nonlinear refractive index (n2) > 0wave surface
 
Fig. 1-3. Distortion of the wavefront of a laser beam leading to self-focusing 
in a nonlinear medium. 
 
The self-trapping of a femtosecond and high intensity light pulse produced critical ba-
lancing of the self-focusing and diffraction. The spatial phase delay due to the nonlinear refrac-
tive index n2 is given by the B-integral factor, 
 
 
( )dzzInB
L
∫≡ 0 2
2
λ
π
, (1-13) 
 
where L is the interaction length, λ is the laser beam wavelength, I(z) is the light intensity. On 
the other hand, when the divergence is based on the diffraction, the Guoy Phase Shift φ for 
range z is given by 
 
 RR
z
z
z
z
≈= −1tanϕ
 (z ＜ zR),  (1-14) 
where zR is the Rayleigh length and there are the following relations to the Gaussian beam ra-
dius w0 : 
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 λ
π 20wzR =
. (1-15) 
 
In a convergent beam, power of the self-focusing always exceeds that of the diffraction, 
the convergent beam keep up the self-focusing until when fatal break down is produced. For 
self-trapping, it is required to produce a balance of the self-focusing and diffraction. The 
progress in the phase based on the diffraction at the center of a laser beam is φ = π/4 for z = zR. 
To keep beam balance, the self-phase-modulation B is necessary to be π/4 for z = zR. The Gaus-
sian beam radius satisfied this self-trapping condition is given by 
 
 
In
w sf
2
,0
8π
λ
=
. (1-16) 
 
The beam diameter of self-focusing is proportion to the wavelength and is inversely proportion 
to square root of the light intensity. The threshold power that causes self-focusing is given by 
 
 2
2
2
,0,0
8n
IwP sfsf
λ
π ==
, (1-17) 
 
which depends on wavelength and the nonlinear refractive index. The nonlinear refractive index 
of gas media is listed in Table 1-2 (Nishioka et al., 1995). The power that was needed to balance 
diffraction were calculated to be ～10 GW and ～3.2 GW in N2 and Kr, respectively ( λ = 800 
nm). 
 
Table 1-2. Nonlinear refractive index for various gases. 
Gas n0 n2(×10－20cm2/W) 
N2 
Ne 
Ar 
Kr 
Xe 
1.000297 
1.000069 
1.0002837 
1.000427 
1.000702 
8.18 
0.716 
9.12 
24.9 
73.2 
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1.3.2. Self-phase-modulation (SPM) 
 
Another effect of the nonlinear refractive index is the self-phase-modulation (SPM). The 
phase delay causes the decreasing of the instantaneous frequency as the light intensity increase 
at the rising part of laser pulses and instantaneous frequency decreases as the light intensity de-
creases at the decay part of laser pulses as shown in Fig. 1-4.  
 
The temporal variation of refractive index Δn(t) is described as a function of light inten-
sity I(t), 
 
 
( ) ( )tI
n
nEntn
0
2
0
0
2
2
2
ε
µ
==∆
. (1-18) 
 
When the laser beam of wavelength λ propagates the medium of length L, the change of the 
frequency ∆ ω(t) is a time variation of phase difference ∆ φ(t). Thus, the frequency broadening 
is shown in the following equation, 
 
 
( ) ( ) ( ) ( )
0
2
0
0222 22
ε
µ
λ
π
λ
π
φω
n
tI
t
Ln
tE
t
Ln
t
t
t
∂
∂
=
∂
∂
=∆
∂
∂
−=∆
. (1-19) 
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Fig. 1-4. Self-phase-modulation (SPM). 
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1.3.3. White light generated in rare gas 
 
Spectral distributions of the continuum produced in rare gases are shown in Fig. 1-5 (Ni-
shioka et al., 1995). An intense continuum from IR to near UV was observed in Xe, Kr, and Ar. 
However, the continuum in Ne, which has a small nonlinear refractive index, shows the conven-
tional spectrum shape which is produced by the non-trapped laser beam. This is because the 
spectral intensity in the visible region was dependent on the nonlinear refractive index (Nonli-
nearity: Xe > Kr > Ar > Ne). If the nonlinear refractive index is large, the self-focusing is strong 
and the light intensity of the self-trapping channel is high. Simultaneously, ionization energy 
(Ionization Energy: Xe < Kr < Ar <Ne) is small, then multi-photon absorption is easy to occur. 
Consequently, the cutoff point of the plateau and the spectral intensity change inversely in the 
visible region. Since rare gases are used, there are no vibration and rotation absorption and it is 
completely transparent for a far-infrared region. Moreover, the loss of stimulated Raman scat-
tering is not produced. Because of this rare gases were useful nonlinear medium. Thus, in view 
of the above reasons, the best choice is the use of Kr gas as nonlinear media since Kr gas give 
high intensity visible and near UV regions used in this lidar experiment. 
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Fig. 1-5. The White Light Spectrum from Rare Gas Cell measured by Nishioka et al. (1995). 
Spectral intensity of the hyper-continua generated in atmospheric pressure rare gases. 
The laser wavelength and laser power are 790 nm and 1.6 TW, respectively. 
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1.4. Scope of this thesis 
 
The purpose of this thesis is to develop a new environmental measurement method using 
the coherent white light continuum. The coherent white light continuum is a novel and attractive 
laser source with a broadband spectrum, a linear polarization, and an ultra-short pulse. There-
fore, the combined use of the multi-wavelength simultaneous measurements and the depolariza-
tion technique was performed after building the white light lidar system in this thesis. This study 
provides the basis for extending the range of applications such as the monitoring of greenhouse 
gases or the remote detection of biological agents being used as weapons (Fujii et al., 2006). 
 
The work presented in this thesis is organized as follows. A short introduction to lidar is 
given in chapter 1. This chapter also presents the basic principles of the Mie backscattering lidar 
and the coherent white light continuum. After that, the instrumentation of the new white light 
depolarization lidar is given in chapter 2. The polarization properties of the white light conti-
nuum and the first observation results are discussed. In chapter 3, examples from the data ob-
tained with the new simultaneous 3-wavelength depolarization lidar are given. This chapter 
gives a more detailed description of the depolarization measurements and also shows the evalu-
ations of particle size and shape from the measured depolarization ratio using the conventional 
Angstrom coefficients and T-matrix simulations. A more detailed description of the T-matrix 
computations is given in chapter 6. As an environmental measurement example from the white 
light lidar the chapter 4 shows the Asian dust profiles obtained by the white light depolarization 
system. Future studies for white light lidar are discussed on chapters 5 and 7. These are the de-
polarization measurements of multiple FOV on chapter 5 and on chapter 7 the noise reduction 
based on the wavelet transform was proposed. Last chapter summarizes the obtained results and 
present the prospects of this field for future white light lidar.
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Chapter 2  
Depolarization Lidar 
Using a White Light Lidar System 
 
 
    
 
This and the succeeding chapters describe examples of practical observations to which the white 
light lidar technologies described in previous chapter are applied. Chapter 2 introduces some 
examples of depolarization lidar in tropospheric atmosphere using the coherent white light con-
tinuum. The initial experiments used the depolarization lidar method, and were intended to pro-
vide a proof-of-principle that the white light depolarization lidar works, and that results corres-
pond with more traditional measurement techniques. 
 
 
2.1. Introduction 
 
Elastic backscatter lidar is perhaps the most widespread and robust kind of lidar capable 
of providing profiles of cloud and aerosol structures within the atmosphere. The addition of po-
larization detection provides information about the phase of cloud particles and the type of 
aerosol particles. These techniques rely on the basic assumption that nonspherical particles de-
polarize the backscattered light, whereas spherical particles do not. 
 
Such a comparison employ the linear depolarization ratio δ (=S/P) defined as the ratio of 
the perpendicular signal (S-polarization) to the parallel signal (P-polarization). Sassen (1990) 
provides an overview of different cloud types and their corresponding δ values (Table 2-1). For 
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example, spherical water droplets produce no depolarization (δ ~ 0.0), ice crystals and snow-
flakes can produce δ ~ 0.5, and rimed ice and particles with complex surfaces have δ > 0.6. 
 
Table 2-1.  Key for identifying the ranges of depolarization ratios δ (from Sassen et al., 1990). 
δ Interpretation 
≤ 0.15 
0.16-0.25 
0.26-0.35 
0.36-0.45 
0.46-0.55 
0.56-0.65 
> 0.65 
Liquid cloud 
Liquid-dominated, some ice likely 
Mixed-phase conditions 
Typical ice cloud 
Complex ice crystals or aggregates 
Moderate-to-heavily rimed ice particles 
Graupel particles 
 
In general, this assumption is valid only when the signal is dominated by single scattering. 
When significant multiple scattering is present, even spherical particles generate depolarized 
signal, thus mistaking multiple-scattering-induced depolarization for particle-shape-induced 
depolarization (Pal and Carswell, 1973). Furthermore, theoretical studies showed that particles 
with small dimensions compared with the wavelength of the lidar do not show depolarization 
even if they are nonspherical (Toon et al., 1990; Mishchenko and Sassen, 1998; Murayama et al., 
1999). As a result, the discrimination between spherical and nonspherical particles was re-
stricted to a coarse classification. Therefore, additional lidar observations such as the mul-
ti-wavelength depolarization lidar (Stefanutti et al., 1992) and the combined use of the depola-
rization technique and other lidar techniques such as Mie scattering lidar and Raman lidar (Al-
thausen et al., 2000) should be performed. However, it is troublesome to increase the number of 
light sources due to difficulties in the alignment of the transmission system. 
 
The development of the terawatt femtosecond laser system has resulted in considerable 
interest in the area of extreme nonlinear phenomenon. One of the most interesting features ob-
served is the formation of the coherent white light continuum whose wavelength ranges from 
the UV to the IR region (Nishioka et al., 1995; Kasparian et al., 2000). This “white light” lidar 
(Rairoux et al., 2000; Galvez et al., 2002; Kasparian et al., 2003) has an advantage in simulta-
neous and multi-wavelength measurements for several atmospheric species. Also, the white 
light is preferentially scattered in the backward direction, which enhances the lidar signal (Yu et 
al., 2001). These results have strong implications for lidar applications of the white light conti-
nuum. 
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In this chapter, we report whether the coherent white light continuum can be used for de-
polarization measurement in the same way as the conventional lidar. The white light continuum 
generated in Kr gas contains the high intensity wavelength region that is used in this lidar sys-
tem and can be characterized by the ground-based experiments. The present lidar system was 
derived from a previous model (Galvez et al., 2002) and has been implemented with the new 
wavelengths. The system now operates at 350, 450, 550, 700, and 800 nm. In addition, depola-
rization measurements can be performed at the 450 nm channel. The research reported in this 
chapter describes the first use, as far as we know, of the coherent white light continuum for the 
depolarization remote sensing. 
 
 
Fig. 2-1. White light spectra converted in the Kr gas cell (upper) and air (lower).  
 
2.2. Experimental setup 
 
2.2.1 Laser system 
 
The femtosecond laser system consists of a Ti:sapphire oscillator and a CPA amplification 
chain. The laser transmitter consists of a tabletop terawatt Ti:sapphire laser system which oper-
ates at 800 nm. It has a front end, which is a combination of a Ti:sapphire oscillator pumped by 
a laser diode (LD)-pumped green Nd:YVO4 CW-laser and a regenerative amplifier pumped by 
a LD-pumped green Nd:YLF laser operated at 1 kHz. The output of the front end is a 100 fs 
pulse with an energy of 0.8 mJ. The uncompressed front-end pulse is introduced into a multipass 
Ti:sapphire amplifier which is pumped by two frequency-doubled Nd:YAG lasers. The final 
output energy is 100 mJ with a pulsewidth of 100 fs and a repetition rate of 10 Hz. To generate 
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the white light, output from the Ti:sapphire laser system is focused by a lens with a focal length 
of 5 m into a 9-m-long traveling tube filled with krypton gas. Figure 2-1 shows the white light 
spectra generated in Kr gas as the nonlinear materials, as compared to the case in air. 
 
2.2.2. Polarization properties of a coherent white light continuum 
generated in Kr gas 
 
It is essential that the transmitted beam keeps the linear polarization for the depolarization 
lidar. The polarization of the generated white light continuum is believed to be the same as the 
input laser polarization (Srivastava and Goswami, 2003). However, it has been reported that the 
polarization properties depend on the medium in which the white light continuum is generated 
(Midorikawa et al., 2002). Hence, the generated white light continuum should be characterized 
before the lidar applications. In this experiment, the white light continuum was generated at 
ground level in a 9-m-long gas cell with krypton gas as a nonlinear medium. 
 
The polarization of the white light continuum was measured using a Wollaston polarizing 
Prism with an effective range of 350-2300 nm. A λ/2 plate and a band-pass filter were inserted 
before the Wollaston Prism to confirm the liner polarization of the laser at 450 nm and 800 nm. 
The polarization of the white light generated in Kr gas was changed by rotating the angle of the 
λ/2 plate. Each output signal from a Si-PIN photodiode (M5210, Matsusada Precision Inc.) was 
accumulated using a digital oscilloscope. The data were measured by taking the average of 50 
signals to reduce the effects of beam intensity fluctuation. 
 
The original P and S (intensity vs. rotation angle) curves in Fig. 2-2 show the linear pola-
rization of the original laser without the focusing lens and Kr gas cell. It is evident from the 450 
nm and 800 nm curves in Fig. 2-2 that the generated white light is linearly polarized. Also, a λ/2 
plate and a polarizer (λ = 670 - 930 nm, TP>99 %, RS>80 %) were oriented to maximize the 
P-polarization of the incident laser before it reaches the Kr gas cell. As shown in Table 2-2, the 
output white light is strongly polarized in the P-polarization direction. The direction of the white 
light polarization generated in the Kr gas cell is the same as that of the original laser. These ex-
periments demonstrated the potentialities of this polarized white light continuum as a light 
source in depolarization lidar. 
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Fig. 2-2. Rotation angle dependence of original laser 
and the white light through the Wollaston prism. 
 
Table 2-2. The polarization characteristic in wavelength. 
white light 
SP
SP
+
−
 
800 nm 
700 nm 
550 nm 
450 nm 
0.999 
0.995 
0.962 
0.960 
 
2.2.3. Lidar experiment 
 
The lidar system used in the present investigation has been designed to permit depolariza-
tion measurements. Backscattering light is collected by a 30-cm diameter Newtonian telescope 
and is then collimated by a lens. The light passes along a light guide consisting of a pair of star-
diagonal prisms and is then directed to a 6-channel simultaneous measurement system. As 
shown in Fig. 2-3, the light is separated into six channels using dichroic mirrors and a cold mir-
ror. The detection unit is aligned by means of a He-Ne laser and a halogen lamp. Narrow 
band-pass filters, each having a 40-nm bandwidth, and with center wavelengths at 350, 550, 700, 
and 800 nm, respectively, are placed in front of the photomultipliers to spectrally resolve the 
backscattered light. For the 450 nm, an interference filter with a 457.9-nm center wavelength 
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and a 10-nm bandwidth is used. Each output signal from the photomultipliers is accumulated 
using a digital oscilloscope triggered by a common pulse signal synchronizing to the laser emis-
sion at 10 Hz. A rotatable λ/2 plate is placed between the 450-nm interference filter and the 
beamsplitter cube to line up the polarization axis of the beamsplitter cube with the polarization 
vector of the transmitted white light. This is done by directing a strongly attenuated white light 
on to the telescope and to the 6-channel receiving system using two mirrors. The λ/2 plate is 
rotated until the S-polarization channel is zero and the P-polarization channel is at the maxi-
mum. 
 
DM： Dichroic Mirror, M: Mirror, PM: Photomultiplier,
BPF： Bandpass Filter, CLDM： Cold Mirror, BM: Beamsplitter
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Fig. 2-3. Schematic diagram of the six-channel simultaneous measurement system. 
 
2.3. Results and discussion 
 
Lidar measurement was carried out on March 23, 2005 at Suita, Osaka. The optical power 
measured by lidar depends on the backscattering light by clouds and aerosols present in the at-
mosphere. Since the light takes longer to return to the receiver from targets located farther away, 
the time delay of the return is converted into distance (height). The received signal from a lidar 
system is corrected as  
range squared corrected signal ( ) 20 RSS −= , 
where S is signal intensity, S0 is the background signal, and R is the range between the laser 
source and targets. 
 
Figure 2-4 shows an example of 30-minutes period, range squared corrected simultaneous 
backscattering profiles at 350, 450, 550, 700, and 800 nm wavelengths. Each profile was an av-
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erage of consecutive 500 shots in 1 minute. Backscattering peaks corresponding to 0.6 km and 
1.0 km in height were caused by running clouds and observed in all channels. 
 
1.5
1.0
0.5
0
H
ei
g
h
t 
(k
m
)
0 30 0 30 0 30 0 30 0 30 0 30
Time (min)
350 nm 550 nm 700 nm 800 nm 450 P 450 S
S
ig
n
a
l 
In
te
n
si
ty
 (
a
.u
.)
Intense
Weak
H
ei
g
h
t 
(k
m
)
S
ig
n
a
l 
In
te
n
si
ty
 (
a
.u
.)
S
ig
n
a
l 
In
te
n
si
ty
 (
a
.u
.)
 
Fig. 2-4. Simultaneous measurements of the range squared corrected backscattered signal from 
atmosphere (2005/03/23 1:53~2:22 AM). 
 
Figure 2-5 shows sample displays of the backscattered signals from clouds at 450 nm. In 
Fig. 2-5, higher depolarization ratios were observed in the cloud layer. In Fig. 2-5(b) it is ob-
served that the S-polarization signal peak is shifted upward with respect to the P-polarization 
signal due to multiple-scattering (Pal and Carswell, 1973). The observed values of δ were, re-
spectively, 0.63 and 0.58 in Figs. 2-5(a) and 2-5(b), indicating relatively high value for not so 
much water droplet clouds but ice clouds (Sassen et al., 1990). Also, a value of 0.22 for δ in Fig. 
2-5(c)
 
may indicate a mixed phase cloud (Sassen et al., 1990). We obtained the radiosonde data 
at close time to our lidar measurements (21:00, 22 March 2005 and 9:00, 23 March 2005) at 
Shionomisaki station (33.27 N, 135.46 E), which is about 153 km south of the lidar site, are 
plotted in Fig. 2-6 as a reference. These meteorological data were provided by Japan Meteoro-
logical Agency. The temperatures at 0.6 km and 1.0 km were between 10 to 15 degrees Celsius, 
which is not as cold as the temperature regime in which ice clouds usually dominate. In these 
lidar measurements, we observed the high δ value as compared with the conventional depolari-
zation lidar (Sassen et al., 1990). 
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Fig. 2-5. Polarization lidar return from clouds for 450 nm  
on 23 March 2005 (a)2:07 (b)2:22 (c)4:41 AM.  
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Fig. 2-6. Temperature and humidity as a function of altitude from a radiosonde flight 
at 21:00, 22 March 2005 and 9:00, 23 March 2005. 
 
Pal and Carswell observed the tendency to increase the multiple-scattering and depolari-
zation component in case of the lidar source at 347 nm as compared with that at 694 nm. (Pal 
and Carswell, 1978) Thus, at the 450 nm, the relatively high δ ratios may be partially attributed 
to the wavelength effect on the forward scattering in these lidar measurements. To provide an 
explanation of these high depolarization ratios, we need long term observations and the mul-
ti-wavelength depolarization lidar measurements in order to evaluate the wavelength depen-
dence as well as the propagation physics of femtosecond laser pulse in atmosphere. However, 
these results demonstrated the versatility of the white light continuum as a light source of the 
multi-wavelength depolarization lidar. 
 
2.4. Conclusion 
 
We have observed the depolarization lidar signals for the first time at 450 nm using the 
coherent white light continuum. Very interesting features of higher depolarization ratios from 
some clouds layers were also observed. In addition, the present experiment does not fully utilize 
the potential of the broadband white light continuum. The use of several wave-
length-depolarization lidars (Stefanutti et al., 1992) would yield more precise particle size dis-
tributions for nonspherical particles such as loess (Asian dust particle) and pollen. Also, lidar 
measurements using the infrared region (Mejean et al., 2003) of the coherent white light conti-
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nuum would yield both the size distributions of relatively large aerosols with radii above 1 µm 
and the white light differential absorption lidar of gaseous species such as methane or volatile 
organic compounds (VOCs). The combined use of the depolarization technique and mul-
ti-wavelength analysis using the coherent white light continuum will enhance the possibility of 
deriving information on the particle size distribution.
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Chapter 3  
Simultaneous Three-wavelength 
Depolarization Measurements of 
Clouds and Aerosols Using a 
Coherent White Light Continuum 
 
 
    
 
First, this chapter introduces an example of simultaneous 3-wavelengths depolarization lidar in 
tropospheric atmosphere using the coherent white light continuum. Secondly, the time variation 
of the obtained depolarization ratios was compared with the Angstrom coefficient, which is a 
good indicator of particle size. Finally, comparisons between experimental data and the simula-
tions based on T-matrix method are carried out to estimate how much information can be re-
trieved about the shape and size of ice crystals in the cloud from three-wavelength depolariza-
tion lidar measurements. 
 
 
3.1. Introduction 
 
Depolarization lidar measurements provide a promising method for distinguishing water 
and ice clouds and detecting nonspherical particles, because the obtained depolarization ratio is 
known to depend on the degree of nonsphericity of particles
 
(Sassen, 1991). Theoretical studies 
showed that nonspherical particle size also exerts an influence on the depolarization ratios 
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(Mishchenko and Sassen, 1998). Therefore, it can be applied to multi-wavelength depolarization 
lidar to study the characteristics of aerosols and clouds by using the wavelength dependence of 
the depolarization ratio
 
(Sugimoto and Lee, 2006; Sassen et al., 2001; Stefanutti et al., 1992).  
However, the extension of investigations to the multi-wavelength depolarization lidar leads to 
difficulties in the alignment of the transmission system. Therefore, there is almost no monitoring 
of clouds and aerosols using simultaneous three- and four-wavelength depolarization lidar
 
(Sas-
sen et al., 2001; Stefanutti et al., 1992). No wavelength dependence of particle shape or size in 
the depolarization ratio has been shown. An attractive means of overcoming these difficulties 
could be the use of a coherent white light continuum. 
 
A high-intensity ultrashort pulse focused into a transparent medium generates a white 
light continuum ranging from the UV to the IR region. These white light continua have spatial 
and frequency coherence (Nishioka and Ueda, 2003) and deliver intensities over several kilo-
meters under certain conditions (Mechain et al., 2005; Mejean et al., 2005) and are utilized as an 
ideal light source for lidar (Galvez et al., 2002; Kasparian et al., 2003; Bourayou et al., 2005). 
Although the current multipass laser amplification system is complex, the system emitting the 
broader spectrum has the advantages that make it possible to use an arbitrary multi-wavelength 
probe on the same optical axis. In particular, the IR side of the white light is expected to detect 
gaseous species such as methane or volatile organic compounds (VOCs)
 
(Mejean et al., 2003). 
Recently, we observed the 1 wavelength depolarization lidar signals at 450 nm from 
low-altitude (< 1.0 km) clouds using the coherent white light continuum, and showed that the 
generated white light continua have the potentiality for multi-wavelength depolarization lidar 
measurements (Somekawa et al., 2006). 
 
In this chapter, we first show a new white light lidar system designed to permit the simul-
taneous three-wavelength depolarization measurements, and then present examples of the depo-
larization measurement from clouds and aerosols using the white light depolarization lidar sys-
tem. Finally, a new data treatment for a simultaneous three-wavelength depolarization lidar is 
suggested to infer the size and shape of clouds using a T-matrix simulation. 
 
3.2. Experimental 
 
The femtosecond laser system was described in chapter 2. Briefly, it consists of a 
Ti:sapphire CPA chain. The final output energy was about 100 mJ per pulse, with a pulse width 
of 100 fs and a repetition rate of 10 Hz. This femtosecond terawatt laser pulse was focused by a 
lens with a focal length of 5 m into 9 m long Kr gas cell and converted into the white light con-
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tinuum which had a linear polarization similar to the original 800 nm. One of the principal rea-
sons for choosing Kr gas is because it gives a higher intensity at visible region than air. The 
output beam was transmitted to the zenith collinearly to the axis of the receiver telescope with a 
30 cm diameter. The field-of-view (FOV) of the receiver telescope was determined by an iris 
diaphragm at the focal plane, it was about 1.6 mrad at the minimum aperture. Backscattering 
light passed along a light guide consisting of a pair of 45° mirrors and was then directed to a 
three-wavelength depolarization backscattering detection system. 
 
Figure 3-1 shows the three-wavelength depolarization backscattering detection system. 
The light is spectrally separated by means of dichroic mirrors and bandpass filters. λ/2 plates are 
placed to line up the polarization axis of the detection system with the polarization vector of the 
transmitted light. A polarizing beamsplitter cube separates P- and S-polarized light at each wa-
velength. The detectors are 28 mm diameters photomultiplier tubes used in the analog mode. 
Each detection unit is aligned by a He-Ne laser. Wavelength properties of the filters, the 
half-wave plates, and the beamsplitter cubes are given in Table 3-1. In order to detect the more 
intense signals, the bandpass filter and the half-wave plate at 550 nm have a broadband effective 
wavelength. 
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Fig. 3-1. Schematic diagrams of experimental setup of the 3-wavelength 
depolarization backscattering spectrometer. 
 
Table 3-1. Wavelength properties in beam-separation unit. 
 450 550 800 
Band-pass filter 
Half-wave plate 
Beamsplitter cube 
457.9 nm (FWHM:10nm) 
449 nm – 467 nm 
420 nm – 680 nm 
550 nm (FWHM:40nm) 
460 nm – 655 nm 
420 nm – 680 nm 
800 nm (FWHM:10nm) 
784 nm – 816 nm 
620 nm – 1000 nm 
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3.3. Results and discussion 
 
3.3.1. Observation: A comparison between the depolarization 
ratios and Angstrom coefficients 
 
The three-wavelength depolarization lidar measurements described in this chapter were 
obtained during the winter in Feb. 2007 at Suita, Osaka, Japan. The measurements had been 
performed by integrating over 500 laser shots in order to improve the signal-to-noise ratio. The 
spacial resolution was determined by the analog-to-digital converter clock frequency of 100 
MHz and was 1.5 m. To provide a background signal voltage for each shot, 250 pretrigger 
points are saved. Also, the background noises came from the lidar system itself, or the sources 
other than the lidar system such as other light sources were registered when the laser in lidar 
was blocked and the practical lidar signals were obtained by subtracting these background nois-
es from the actual observed signals. The obtained data were averaged by a running mean of 21 
m interval. 
 
The linear depolarization ratio δ is defined as 
 
 [ ] χδ −= KPS , (3-1) 
 
where S is polarization orthogonal and P is polarization parallel, the calibration constant K ac-
counts for the difference in both detector channels, and χ is a correction term to account for any 
mismatch in the transmitter and detector polarization planes. These correction factors were ob-
tained by introducing a strongly attenuated white light into the receiving system using two mir-
rors before the lidar measurements. We rotated the direction of the λ/2 plate in front of the pola-
rizing beamsplitter cube and got the correction factors to balance the sensitivity of the polariza-
tion channels for three wavelengths. 
 
Figure 3-2 shows an example of 30 min period, simultaneous depolarization profiles at 
450, 550, and 800 nm wavelengths. The range squared corrected backscattered signal image of 
800P is adopted as a reference profile for the atmospheric information of the observational pe-
riod. Unreliable values based on too weak signals were deleted from dataset. For reference the 
radiosonde temperature profiles at a time close to our lidar measurements from nearest weather 
stations are presented in Fig. 3-3. The station at Shionomisaki (153 km south from lidar site) 
provided a radiosonde profile at 21:00, 1 Feb. 2007 and 9:00, 2 Feb. 2007. 
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It can be seen that an image of 800P has different signal intensities in the areas indicated 
as A. Also, in the area A, the depolarization ratio is nearly zero. This suggested that the particles 
in area A are water clouds or spherical aerosols. Moreover, this area showed the constant depo-
larization ratios of ~0 even though the depolarization ratios change in the cloud layer. This 
demonstrated that the obtained depolarization ratios were not due to fluctuations of the both po-
larization of the transmitted white light continuum. 
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Fig. 3-2. Time height displays for the night of 2 February 2007 from the white light depolariza-
tion lidar at Osaka Univ. in Suita, Osaka. 800P is the range squared corrected backscattered sig-
nal in relative logarithmic units. 800δ, 550δ, and 450δ give depolarization ratios of the aerosol 
and cloud layers present. 
 
We also see that the depolarization ratios differ at three wavelengths in clouds indicated 
as C1 and C2. These clouds didn’t show the increase of the depolarization ratios with increasing 
the penetration depth. Therefore, we considered that the effect of the multiple scattering was not 
significant in these clouds. Figure 3-4 also exhibits the dependences of the depolarization ratios 
on the wavelength in the C1 and C2 clouds. The value of the depolarization ratio was decided 
by using the peak value of depolarization signal in each cloud. The error bars represent the 
standard deviation for the four profiles in the aerosol layer and are hidden in the plot symbols. 
The obtained depolarization ratios show convex upward and linear profiles in the C1 and C2 
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clouds, respectively. This difference allowed us to distinguish the properties of each cloud by 
measuring the multi-wavelength depolarization ratios of the backscattered signals. 
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Fig. 3-3. Temperature as a function of altitude from a radiosonde flight at 21:00, 1 Feb. 2007 
and 9:00, 2 Feb. 2007. The value was derived from the closest weather stations, Shionomisaki, 
which is about 153 km south of the lidar site. 
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Fig. 3-4. Depolarization ratios from clouds for each wavelength on 2 February 2005: (a) 
2:51~2:54 and (b) 3:01~3:03 AM. 
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We also evaluated the size of the particles in the cloud layers by calculating the backscat-
ter-related Angstrom coefficients and comparing them with the obtained depolarization ratios. In 
our previous paper (Galvez et al., 2002), we showed the wavelength dependence of the back-
scatter coefficient β using the white light lidar system. This can be expressed in terms of the 
Angstrom coefficient, å: 
 
 
å−∝ λλβ )( . (3-2) 
 
Thus, the Angstrom coefficient is derived from the backscatter coefficients at 550 and 800 nm: 
 
 ( ) ( ){ } ( )800550ln/800550ln800550 ββ−=å . (3-3) 
 
The Angstrom coefficient is an effective indicator of particle size (Hayashida and Horikawa, 
2001). Higher values of å indicate small particles, and smaller values indicate large size par-
ticles. However, this approach needs complex inversion algorithms. We derived the backscatter 
coefficient of the molecular component by using the algorithm of Fernald (1984). The backscat-
ter coefficients for each wavelength were calculated from P + S signal intensity. 
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Fig. 3-5. The Angstrom coefficients as a function of the depolarization ratios at 550 nm for the 
C1 and C2 clouds. The data were obtained on 2 February 2005 at 2:51~2:54 and 3:01~3:03 AM. 
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Figure 3-5 shows an example of the calculated Angstrom coefficient as a function of the 
depolarization ratios at 550 nm for the C1 and C2 clouds in Fig. 3-4. The Angstrom coefficients 
in Fig. 3-5 show a positive correlation with the depolarization ratios. This means we can estab-
lish a qualitative particle size distribution from the depolarization ratio without any complex 
inversion process. Moreover, the two different clouds at 2:51 and 2:52 in Fig. 3-4(a) have an 
almost similar depolarization ratio at 800 nm, but have different depolarization ratios at 450 and 
550 nm. From these differences, the multi-wavelength depolarization ratios are more efficient 
than 1 wavelength depolarization ratio for predicting changes in the particle size. In addition to 
the above-mentioned interpretation of the observed data, we take the T-matrix method to repro-
duce the observed depolarization curves and provide the size distribution from the 
three-wavelength depolarization ratios. 
 
3.3.2. T-matrix computation 
 
We used the T-matrix method and computed depolarization ratios at three wavelengths 
corresponding to channels on our lidar system for randomly oriented spheroidal particles as es-
timates for water ice clouds (Mishchenko and Sassen, 1998; Mishchenko and Travis, 1998). In 
these computations, we have used the shape of particles for the axial ratio b/a = 1.4 (a is the ho-
rizontal semiaxis and b is the vertical semiaxis), which was assumed to be suitable for the tem-
perature condition at the cloud altitude derived from the radiosonde in Fig. 3-3 (Pruppacher and 
Klett, 1997). The refractive indices of ice at 450, 550, and 800 nm are 1.3157 + 1.540 × 10
-9
i, 
1.3110 + 3.110 × 10
-9
i, and 1.3049 + 1.340 × 10
-9
i, respectively (Warren, 1984). These computa-
tions pertain to the power-law size distribution with the effective variance veff = 0.1. The depola-
rization ratio δ obtained from the T-matrix computations is defined as δ = [F 11 (180°) - F 22 
(180°)] / [ F 11 (180°) + F 22 (180°)], where F 11 and F 22 are the scattering matrix component. 
 
Figure 3-6 shows the evolution of depolarization ratios with increasing the radius. The 
size of the spheroids is evaluated by the radius of sphere with the equal surface area. For the 
small particles, it can be seen that the depolarization ratios at 800 nm are close to those at 550 
nm, and that these two values are high as compared with those at 450 nm. This tendency is par-
ticular true for the experimental results on 2:51 in Fig. 3-4(a). This would seem to indicate that 
the clouds on 2:51 in Fig. 3-4(a) were relatively small. Furthermore, for the effective radius 
equal to 1.8 µm, the depolarization ratios decrease in a linear fashion. These depolarization ratio 
profiles are similar to the depolarization ratio that encounters the clouds observed in Fig. 3-4(b). 
Similarly, the depolarization profile of 2.4 µm in Fig. 3-6 shows the ranges of the effective ra-
dius that reproduces the clouds on 2:52, 2:53, and 2:54 in Fig. 3-4(a). In the large-particle limit, 
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as shown in the depolarization profile of 3.2 µm in Fig. 3-6, the depolarization ratios are ex-
pected to tend to zero. The experimentally determined depolarization ratios are generally found 
to agree well in their overall trends and behavior. Furthermore, the trend for the size distribution 
derived from three-wavelength depolarization ratios is comparable to that in the time variation 
of å in Fig. 3-5. This demonstrated that the three-wavelength depolarization ratios provided ad-
ditional information about size and shape of clouds and aerosols without using complex inver-
sion algorithms. 
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Fig. 3-6. Depolarization ratios computed at 450, 550, and 800 nm 
for ice particles of various effective radii. 
 
3.4. Conclusion 
 
The depolarization ratio was simultaneously measured at three wavelengths, 450, 550, 
and 800 nm, using a coherent white light continuum. The depolarization profiles derived from 
the T-matrix calculation curves fit those of the observed cloud profiles well, which allowed us 
to evaluate the shape and size of the cloud particles without using complex inversion algorithms. 
Also, the size evaluation method using depolarization ratios was backed by the Angstrom coef-
ficients obtained by conventional multi-wavelength lidar techniques. Although these methods 
may not always provide a definitive identification of the shape and size, they can significantly 
narrow down the plausible range of particle microphysical parameters and can be useful in 
modeling cloud particle formation and evolution. Further validation of this approach will be 
undertaken using other favored crystal shapes models and taking into account multiple scatter-
ing.
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Chapter 4  
Observation of Asian Dust Aerosols 
with Depolarization Lidar Using 
a Coherent White Light Continuum 
 
 
    
 
Asian dust aerosols originating from the deserts and loess areas of Asian continent are often 
transported over Japan during the spring season. These Asian dust particles are usually irregular 
and nonspherical shape, and can be detected by the depolarization lidar. In this chapter, observa-
tions of Asian dust aerosols are introduced as a first approach to the environmental problem us-
ing the white light depolarization lidar. 
 
 
4.1. Introduction 
 
The depolarization ratio measured using a lidar is a useful parameter in distinguishing 
nonspherical particles from spherical particles, and can be used to detect Asian dust particles 
since most of them have irregular and nonspherical shape. These Asian dust particles are of in-
ternational interest from the viewpoints of their transport mechanism, radiative effects, and con-
tribution to the geochemical cycle of atmospheric constituents in East Asia and North Pacific 
regions
 
(Mori et al., 1999; Iwasaka et al., 2003; Sassen, 2002). Therefore, a lidar network for the 
observation of Asian dust was organized in the spring of 1997 in Japan. The network is expand-
ing internationally and is including Chinese and Korean lidar sites
 
(Murayama et al., 2001). 
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Asian dust is known as one of the tracers of air pollution, and the cross-border transport 
of air pollution is a significant environmental issue in Japan
 
(Var et al., 2000; Kim et al., 2003). 
However, a depolarization lidar has limitations for characterizing nonspherical aerosols because 
the technique is based on the degree of the nonsphericity of particles. Thus, novel techniques 
using a lidar for the study of Asian dust particles using a Raman lidar are proposed
 
(Murayama 
et al., 2004; Tatarov and Sugimoto, 2005). However, if the number of light sources is increased 
for combined lidar measurement, the transmission system becomes huge and it becomes diffi-
cult to align the transmission system. Therefore, we developed a lidar system using a coherent 
white light continuum
 
(Galvez et al., 2002). 
 
The coherent white light continuum has useful features such as a large spectral extension 
from ultraviolet to infrared, linear polarization, and an ultrashort pulse duration, enabling mul-
tiwavelength measurement and depolarization lidar
 
(Somekawa et al., 2006). Recently, the co-
herent white light continuum has been applied to laser-induced breakdown spectroscopy (LIBS)
 
(Stelmaszczyk et al., 2004). With these added applications, it is hoped that the white light lidar 
system can be employed more effectively. 
 
In this chapter, we will describe our white light depolarization lidar system and then re-
port on lidar observations of the dust episode in Osaka. Although the observed depolarization 
ratio was only at 800 nm, to our knowledge, this is the first white light lidar observation for 
Asian dust. 
 
4.2. Experimental 
 
Lidar observations were performed mainly in the spring of 2007 (the large Asian dust 
event happened in May 2007). A white lidar employs a Nd:YAG-laser-pumped Ti:sapphire laser 
as a light source that generates white light in the wavelength range from 300 nm to more than 
950 nm. The final output energy of the Ti:sapphire laser system is typically 100 mJ with a pulse 
width of 100 fs. The pulse repetition rate is 10 Hz. This femtosecond terawatt laser pulse is fo-
cused by a 5-m-focal-length lens into a 9-m-long traveling tube filled with Kr gas at a pressure 
of 1 atm and converted into a white light continuum with 0.5 TW/100 fs. There are mainly two 
reasons for selecting Kr gas as a nonlinear material for generating the coherent white light con-
tinuum. The first is the high efficiency of conversion to the white light continuum. The second 
is that a high visible intensity is suitable for lidar measurement (Nishioka and Ueda, 2003). Also, 
white light generated in Kr gas has a linear polarization similar to that of the original laser 
(Somekawa et al., 2006). 
Observation of Asian Dust Aerosols with Depolarization Lidar Using a Coherent 
White Light Continuum 
 35
The receiver telescope has a diameter of 30 cm. Linearly polarized white light is trans-
mitted vertically to the atmosphere, and backscattered light is separated into three wavelengths 
using dichroic mirrors and interference filters with central wavelengths of 450, 550, and 800 nm 
having 10, 40, and 10 nm bandwidths, respectively (Somekawa et al., 2008). 
 
The depolarization ratio δ is the ratio of the perpendicular backscattered intensity to the 
parallel backscattered intensity with respect to the polarization plane of the transmitted white 
light. δ is computed after adjusting differences in electronic gain and optical misalignment. The 
accuracy of δ is estimated from the standard deviation for four profiles obtained from a conven-
tional spherical aerosol layer, which is less than 0.004. The details of the lidar system and cali-
bration methods were described in chapters 2 and 3.  
 
4.3. Results and discussion 
 
The white light lidar was operated during the Asian dust events of May 13-14 and 17-18 
2007 in Osaka. The presence of Asian dust over our lidar site was predicted by the Chemical 
Weather Forecast System (CFORS) (Uno et al., 2003), which was actually confirmed by inde-
pendent measurements using depolarization lidars at the National Institute for Environmental 
Studies Lidar Network
 
(Murayama et al., 2001). 
 
Figures 4-1(a)-4-1(c) show the height versus time displays of the range squared corrected 
backscattering and depolarization ratios of aerosol over Osaka on the night of May 2007. We 
used only 800 nm for the Asian dust depolarization lidar experiment, because it was difficult to 
obtain large signals at 450 and 550 nm. The vertical resolution was 3 m. The data were 
smoothed by taking the running mean of the recorded 42-m resolution data to improve the sig-
nal-to-noise ratio. 
 
In Fig. 4-1(a), the aerosol layer (about 0.4-1.8 km) for the non-Asian dust event showed a 
depolarization ratio of about 0, which was taken as the reference between the Asian and 
non-Asian dust periods. Figure 4-1(b) shows a floating dust layer with a peak at around 1.7 km. 
Figure 4-1(c) presents a layered structure with 1 to 2 km layer thickness in depolarization ratio. 
These results are in agreement with the behavior frequently exhibited by Asian dust particles in 
Japan (Murayama et al., 2001). Additionally, we show in Fig. 4-2 an example of the range 
squared corrected signal and depolarization ratio for the data shown in Fig. 4-1(b). The range 
squared corrected signal is shown on the lower abscissa scale and the depolarization ratio on the 
upper abscissa scale. Note that the aerosols from desert storms are capable of causing stronger 
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aerosol depolarization at ratios of 0.3-0.7. 
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Fig. 4-1. Range squared corrected backscattered power (arbitrary units) and depolarization ratio 
with white light lidar system on (a) 12 May, (b) 14 May, and (c) 18 May in 2007. The Asian dust 
covered the Osaka region on May 13-14 and 17-18 2007. We can clearly see the greater depola-
rization ratio during the Asian dust episodes in Osaka. 
 
A multiwavelength depolarization lidar technique has potential for inferring the shape and 
size of aerosols without the assumptions required for conventional multiwavelength Mie lidar 
analysis
 
(Somekawa et al., 2008). Although Asian dust particles were detected at 800 nm in this 
study as suggested from the high depolarization ratios, the depolarization ratios at 450 and 550 
nm could not be obtained because of the weak S-polarization signals. The main reason for this is 
that the white light intensity at 450 or 550 nm is about two orders of magnitude weaker than that 
at 800 nm. In addition to the weak intensity in both bands, the climate conditions also affected 
our observations. The aerosol layer on these occasions were not visually observed, namely the 
Asian dust particles were rather tenuous. 
 
The depolarization ratios in lidar experiments generally show a wavelength dependence, 
and the ratio for 800 nm is expected to be larger than that for 450 or 550 nm
 
(Sugimoto and Lee, 
2006). The enhancement in the depolarization ratios at longer wavelengths was explained by our 
T-matrix computation
 
(Somekawa et al., 2008). Such differences in wavelength are important, 
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since, for example, they would result in the sensitive detection of Asian dust particles. However, 
in the white light depolarization lidar, it remains possible that the obtained depolarization ratios 
are affected by fluorescence because of the broadband characteristics including the ultraviolet 
region. In fact, Mejean et al. (2004) demonstrated the detection of remote biological aerosols by 
the two-photon laser induced fluorescence using femtosecond terawatt laser pulses.
 
Generally, 
fluorescence is unpolarized and we should need correction owing to the effect of fluorescence, 
e.g., a comparison of the depolarization ratios at 800 nm between the coherent white light con-
tinuum and the fundamental 800 nm laser as a lidar light source. Furthermore, the contributions 
of multiple scattering to the backscattered depolarization ratios are important and have been in-
vestigated for scatters with high optical depth. This effect induces depolarization signals (Pal 
and Carswell, 1973).
 
The multiple field-of-view (FOV) lidar experiment that we are performing 
now will clarify the effect of multiple scattering. 
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Fig. 4-2. Range squared corrected signal and depolarization ratio from Asian dust layers for 800 
nm on 14 May 2007 at 0:17 AM. 
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4.4. Conclusion 
 
We observed an aerosol layer with strong depolarization corresponding to the Asian dust 
event. Thus, for the first time, Asian dust particles were sampled using the white light lidar with 
polarization diversity that enables the assessment of the degree of particle nonsphericity. The 
obtained depolarization ratios were higher at 0.3-0.7 than their usual value of ~0. The discus-
sions are based on the measurements made in May 2007 at Osaka and do not cover a sufficient-
ly long time for us to definitely conclude the characteristics of Asian dust particles. Long-term 
monitoring of Asian dust is necessary in future research. However, the advanced white light li-
dar is expected to be an essential tool for the characterization of complex aerosols.
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Chapter 5  
Dependence of the Multiple 
Scattering Depolarization on the 
Wavelength Using the White Light 
Lidar System 
 
 
    
 
Subsequent steps in our white light depolarization lidar are described in this chapter. As de-
scribed in section 2.1, the depolarization ratios are affected by the multiple scattering. Con-
versely, the depolarization ratios of multiple scattering may include additional information that 
causes the multiple scattering. Thus, the multiple field-of-view (FOV) lidar measurement and 
evaluation based on a simple two-FOV method are discussed. 
 
 
5.1. Introduction 
 
The information content of lidar signals is enhanced by adding depolarization measure-
ments. This principle of operation is well known and based on the simple fact that single back-
scattered light from spherical particles retains the polarization of the incident light, but irregu-
larly shaped particles cause significant depolarization. If the receiver FOV is sufficiently wide 
to collect backscattered light that is including the multiple scattering at not exactly 180° but 
other scattering angle, the obtained signals become depolarized even for the spherical particles 
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(Sassen and Zhao, 1995; Bissonnette et al., 2001). However, this opens up the possibility to re-
trieve the additional information about cloud droplet size or the particle size density distribution 
by determining the polarization characteristics of multiple scattering (Tatarov et al., 2000). 
 
In this chapter, we report the wavelength dependence of multiply scattered lidar returns. 
The lidar observations are performed by using a multiple-FOV three-wavelength depolarization 
lidar derived from our white light depolarization lidar system (Somekawa et al., 2008). 
 
5.2. Experimental 
 
The observations were carried out using a three-wavelength depolarization lidar with a 
variable receiving FOV. The design of the system was based on an already operating white light 
depolarization lidar (Somekawa et al., 2008). A chirped-pulse amplification femtosecond (typi-
cally 100-fs, 100mJ, 800 nm) pulses at a 10-Hz repetition rate are focused with a long-focal 
length lens (f = 5 m) on Kr gas and converted into the coherent white light continuum which has 
a broad spectrum from 300 nm to more than 950 nm and a linear polarization similar to the in-
cident 800 nm laser. The receiver consists of the 30 cm primary mirror Newtonian telescope and 
the colleted light is recorded by using 3 filter sets: 450, 550, and 800 nm. In addition, this sys-
tem has an iris diaphragm at the focal plane of the receiving telescope and the FOV of lidar 
measurements is variable. The experimental data are acquired consecutively by changing an iris 
placed at the focal of the telescope corresponding to FOV of 1.6 and 4.0 mrad. The interval be-
tween the two-FOV measurements is 1 minute. 
 
5.3. Results and discussion 
 
Figure 5-1 shows the depolarization ratios at 450, 550, and 800 nm observed in Osaka, 
Japan, in February 2007. The depolarization ratio, δ, is defined as the ratio of the perpendicular 
signal (S-polarization) to the parallel signal (P-polarization). 800P presents the range squared 
corrected signal profile for a channel with P-polarization at 800 nm as a reference profile for the 
atmospheric information of the observational day. On 2 February 2007, thin clouds were identi-
fied during the multiple FOV measurement. From 800P profile we can show that these clouds, 
with thickness of about 300 m, were identified at about 1.0 km altitude. An aerosol layer was 
identified below the clouds. In the aerosol layer, the depolarization ratios are almost zero, indi-
cating spherical particles. In comparison, the depolarization ratios are considerable stronger in 
the ice clouds. 
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Figure 5-2 indicates the depolarization ratios and the Angstrom coefficients, which is a 
good indicator of particle size, derived from the observations. As shown in Fig. 5-2(a), the de-
polarization ratios with 4.0-mrad FOV were larger than that with 1.6-mrad FOV. These results 
seemed to be in good agreement with the previous paper which the multiple scattering induced 
the depolarized signals (Pal and Carswell, 1973). However, since the Angstrom coefficients in 
Fig. 5-2(b) showed the same tendency as the depolarization ratios, such differences are attribut-
able mainly to temporal variations in cloud particle size. Thus, in order to determine the change 
in the depolarization ratio due to multiple scattering, it is necessary to acquire lidar return sig-
nals with the same size distribution. 
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Fig. 5-1. Time-to-height indication of the range squared corrected backscattering intensity and 
the depolarization ratio on February 2, 2007, obtained at Osaka University. Receiver field of 
view: (a) 1.6 mrad, (b) 4.0 mrad. Time interval between the two measurements is 1 minute. 
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Fig. 5-2. (a) Measured depolarization ratios as functions of wavelength and (b) corresponding 
Angstrom coefficient. Black and gray symbols denote 1.6 and 4.0 mrad FOV measurements, 
respectively. 
 
In order to calculate the depolarization ratio due to multiple scattering, we concentrate our 
quantitative analysis on two particular clouds of the observations in Fig. 5-1. These sets of 
clouds shown in (a) and (b) of Fig. 5-3 have almost the same Angstrom coefficient, we can as-
sume to be the same size distribution. Since the depolarization ratio with a large FOV, δ4.0, in-
volves that with a small FOV, δ1.6, we obtained depolarization ratios due to multiple scattering 
by subtracting δ1.6 from δ4.0. 
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Fig. 5-3. The wavelength dependence of the measured depolarization ratios on the almost same 
size distribution with receiver FOVs of 1.6 mrad and 4.0 mrad. 
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We studied the effect of multiple scattering on the depolarization ratios at 450, 550, and 
800 nm with a simple two-FOV model. We introduce the multiple-scattering fraction, Y, such 
that 
 
 Y = I1.6/ I4.0, (5-1) 
 
where I1.6 and I4.0 are the range squared corrected total-scattering (single + multiple) lidar back-
scatter signal with 1.6-mrad and 4.0-mrad FOV, respectively. Using Y, the parallel and perpen-
dicular components of the backscattered light are written as follow: 
 
 
( )
m
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YIIYI δδ +
−++= 1
1
1 6.1 , (5-2) 
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Here, δm is the depolarization ratio due to multiple scattering for the FOV from 1.6- to 4.0-mrad. 
Consequently the depolarization ratio with a 4.0-mrad FOV is determined by the following equ-
ation: 
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Conversely, the depolarization ratio δm can be determined from the observed polarization ratio 
as follow: 
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YY
m
. (5-5) 
 
This equation is an extension of that used for estimating the depolarization ratio in a mixture of 
spherical and nonspherical aerosols in previous papers (Sugimoto and Lee, 2006). We adopted 
the peak δ values observed with lidar in atmospheric clouds. The calculated values of δm derived 
from our model are listed in Table 5-1. 
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Table 5-1. Two FOV model parameter. 
 (a) (b) 
3:36 *3:43 3:42 *3:47 
Angstrom coefficient 
(550/800) 
0.877 0.901 1.19 1.19 
Y 
800 
550 
450 
0.905 
0.693 
0.739 
0.908 
0.906 
0.904 
δm 
800 
550 
450 
0.306 
0.507 
0.327 
0.550 
0.290 
0.179 
δm/δ1.6 
800 
550 
450 
0.564 
2.81 
4.28 
0.991 
1.35 
1.58 
* Receiver FOV of 1.6 mrad 
 
Figure 5-4 shows the wavelength dependence of the normalized multiple scattering depo-
larization ratios. This parameter δm/δ1.6 is utilized in conjunction with δ1.6 to characterize more 
fully the wavelength dependence of δm. The values of δm/δ1.6 show a tendency toward increasing 
values as the wavelength decreased. The differences in δm/δ1.6 at small wavelength are likely to 
be due to the wavelength dependence in the multiple scattering as a result of the wavelength 
effect on the forward scattering (Pal and Carswell, 1978). 
 
The multiple scattering seems to be associated with the change in optical depth that re-
sults from a change in particle number density. The relationship of the particle size and optical 
depth is reported to be a negative correlation such that the particle size increases as the optical 
depth decreases (Nakajima et al., 1991). Therefore, as already seen from the Angstrom coeffi-
cients, the optical depth in Fig. 5-3(a) may be smaller than that in Fig. 5-3(b) considering that 
the Angstrom coefficients are larger in a smaller particle size. In fact, the optical depth at 
1.6-mrad FOV in Fig. 5-3(a) and Fig. 5-3(b) was determined to be 0.733 and 0.783 at 800 nm, 
respectively, as the integral of extinction coefficient from cloud bottom to cloud top. Thus, in 
the low optical depth cloud as shown by ♦ symbols in Fig. 5-4, the δm/δ1.6 values show a large 
increasing trend as the effect of the above-mentioned forward scattering become more dominant. 
On the other hand, the depolarization ratio δm approaches the value for backscattering at 180 for 
greater penetration depth (Reichardt and Reichardt, 2003). In the cloud of large optical depth the 
penetration depth may be considered to be greater than in clouds with small optical depth. As a 
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result, the values of δm/δ1.6 have a small slope and approach 1. 
 
Furthermore, it is assumed, as in Eck et al. (1999), the slope of the optical depth versus 
the wavelength on the logarithmic scale provides an excellent fit to a second-order polynomial 
curve. In agreement with our expectations concerning the wavelength dependence of depolari-
zation ratios, δm/δ1.6 values can be seen to increase quadratically with decreasing wavelength. 
Thus, shown in Fig. 5-4, the variations in the approximate multiple-single scattering ratio, 
δm/δ1.6, may contain additional information regarding the cloud number density.  
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Fig. 5-4. The wavelength dependence of ratios of multiple-scattering (δm) 
to the narrow FOV (δ1.6) depolarization ratio at cloud. 
 
5.4. Conclusion 
 
As a preliminary test of the multiple scattering depolarization ratio routines outlined in 
this chapter, the multiple-FOV data from the white light depolarization lidar experiments were 
analyzed. This approach allows us to evaluate the multiple scattering contributions to the lidar 
depolarization ratio and to obtain the number density of clouds. Such future enhancements to 
the white light lidar technique should allow improved simultaneous measurements of the par-
ticle size, shape, and the number density.
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Chapter 6  
A New Concept to Characterize 
Nonspherical Particles from 
Multi-wavelength Depolarization 
Ratios Based on 
T-matrix Computation 
 
 
    
 
This chapter presents a case study of nonspherical particles in an ice cloud through lidar mea-
surements coupled with T-matrix simulations. Section 6.2 presents a review of the parameters of 
the T-matrix lidar simulations. Results and discussion are presented in section 6.3. 
 
 
6.1. Introduction 
 
A method for measuring aerosol size is required to study the effect of aerosols on the ra-
diative transfer processes of the atmosphere concerning climate change. Several lidar methods 
were reported for obtaining particle size information of aerosols and clouds; these are lidars us-
ing multi-wavelength Mie scattering lidar, multiple-field-of-view lidar, and Raman scattering 
lidar (Roy et al., 1999; Whiteman et al., 1999). However, these approaches need complex inver-
sion algorithms to derive the desired quantities. Also, the measurement of the size distribution 
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of dust particles can be difficult due to the irregular and nonspherical shapes. 
 
In this chapter, we describe another simple method using T-matrix computation. This me-
thod utilizes the dependence of depolarization ratio on wavelength. The depolarization ratio is 
defined as the ratio of orthogonal to parallel polarized backscattered signals. Depolarization li-
dar is a powerful remote sensing method for distinguishing between the spherical particles and 
nonspherical particles. We recently described a depolarization lidar using a coherent white light 
continuum (Somekawa et al., 2006), which can develop a new lidar system to detect the mul-
ti-wavelength depolarization ratios. The white light lidar has an advantage of measuring a num-
ber of atmospheric species without limiting the observation wavelength due to the laser emis-
sion wavelength.The new lidar system consisted of three depolarization channels at 450, 550, 
and 800 nm. Therefore we calculated the wavelength dependence of the ratio of the polarization 
component for an ice cloud at these three wavelengths. Furthermore, we provide an interpreta-
tion of the previous observation results using a simple two-component model. 
 
6.2. T-matrix computations 
 
We use the T-matrix method and compute depolarization ratios for polydispersions of 
randomly oriented spheroidal particles as estimates for ice clouds. The FORTRAN T-matrix 
codes are publicly available on the World Wide Web at http://www.giss.nasa.gov/~crmim in the 
“extended-precision T-matrix code for randomly oriented nonspherical particles” versions. This 
version can be applied to significantly larger particles such as clouds particles (e.g., Mishchenko 
and Sassen, 1998; Mishchenko and Travis, 1998 and references therein). 
 
The refractive indices of ice at 450, 550, and 800 nm are 1.3157 + 1.540 × 10
-9
i, 1.3110 + 
3.110 × 10
-9
i, and 1.3049 + 1.340 × 10
-7
i, respectively (Warren, 1984). The shape and size of 
particles can be specified by the axial ratio b/a (a is the horizontal semi-axis and b is the vertical 
semi-axis) and the radius of a sphere having the same surface area. The results were computed 
with an effective radius step size of ∆ reff = 0.1 and the effective variance of veff = 0.1 at 450, 550, 
and 800 nm lidar wavelengths. 
 
The depolarization ratio δ can be described by the scattering matrix component F 
 
 
( ) ( )
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=
180180
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δ
 (Mishchenko and Sassen, 1998).  (6-1) 
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For spherical particles F11(180°) = F22(180°), thus the single scattered signals are not depola-
rized. Indeed, for slightly nonspherical particles with b/a = 0.999 depolarization ratios are near-
ly zero. 
 
6.3. Results and discussion 
 
Figure 6-1 shows the depolarization ratios of T-matrix computations for randomly 
oriented spheroidal particles as estimates for ice clouds. We assumed two ice crystal habits with 
(a) -4 to -9, (b) -9 to -23 ℃ (Pruppacher and Klett, 1997). The inserts in Figures show the re-
spective particle shapes. The convergence of the T-matrix code poses an upper limit to the ap-
plicable size range. 
 
In this simulation, a modified power law distribution is assumed to describe the range of 
particle sizes within the clouds. In the 800 nm curves of Fig. 6-1(a), the dashed and dotted line 
show the depolarization ratios derived from the log normal and gamma distribution with the 
same veff = 0.1, respectively. This showed that different distribution shapes do not cause signifi-
cant difference in the depolarization ratio. Furthermore, the modified power law size distribu-
tion has the important practical advantage of being able to reduce computation time. Hence, the 
particle sizes discussed in this chapter have been determined by the effective radius reff of the 
modified power law distribution. 
 
It can be seen in both depolarization curves in Figs. 6-1(a) and 6-1(b) that the depolariza-
tion ratios are rapidly increased with increasing reff from 0 to about 1 µm, have maximal values 
for the small particle, and decrease gradually as the effective particle size increases. As the wa-
velength ranges from 450 nm to 800 nm, the peak is shifted to larger effective radius. The most 
notable differences due to the shape are after maximal depolarization ratio. 
 
In Fig. 6-1(a), the depolarization ratios decrease with particle size monotonically. As the 
result, the depolarization ratio for particles with a larger radius shows a larger wavelength de-
pendence. This is in good agreement with the actual observations with the depolarization ratio 
for 1064 nm always being larger than that for 532 nm (Sugimoto and Lee, 2006). 
 
Figure 6-1(b) shows that the depolarization ratios have smaller maximal values than those 
for ice prolate spheroid and approach a value of about 0.3. This appears to explain the frequent 
occurrence of depolarization ratios ranging from 0.35 to 0.7 for the conventional lidar observa-
tions (Sassen et al., 1990). 
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The results presented in Fig. 6-2(a) demonstrate the potentialities to characterize the par-
ticle size from three-wavelength depolarization ratios. The depolarization ratios are shown as a 
function of the wavelength for various effective radiuses. Figures 6-2(a) and 6-2(b) correspond 
to Figs. 6-1(a) and 6-1(b), respectively. For small particles, it can be seen that the depolarization 
ratios at 800 nm are close to those at 550 nm and these two values are high as compared with 
those at 450 nm. This tendency shows the profile of a convex upward depolarization curve. 
When the radius increases, the depolarization ratios decrease in a linear fashion. In the 
large-particle limit, the depolarization ratios are expected to tend to zero. These calculated de-
polarization curves are similar to the change of those against wavelength that was observed by 
our white light depolarization lidar system (Somekawa et al., 2008). 
 
The results show that effective radius can be determined by plotting the observed depola-
rization ratios against wavelength and comparing them with the theory. Thus the mul-
ti-wavelength depolarization ratios are very useful for characterizing nonspherical particles, al-
though the computations are limited in ice clouds. Moreover, as seen in Fig. 6-2(a), although the 
depolarization ratios in 1.1 and 1.5 µm have an almost similar value at 800 nm, they have sig-
nificant difference at 450 and 550 nm. Thus, multi-wavelength depolarization measurements are 
more efficient than 1-wavelength depolarization measurements for inferring changes in the par-
ticle size. 
 
The shape of aerosols will affect an error in estimating the effective radius. For ice cloud 
with the larger effective radius shown in Fig. 6-2(b), the retrieved size distributions are insensi-
tive with respect to variations of the effective radius. However, this method can significantly 
narrow down the plausible range of particle microphysical parameters. 
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Fig. 6-1. Depolarization ratio versus effective radius for two ice crystal habits with (a) -4 to -9, 
(b) -9 to -23℃. In 800 nm curves in (a), the depolarization ratios for modified power law, log 
normal, and gamma size distribution that have the same effective variance veff = 0.1 were pre-
sented for comparison. 
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Fig. 6-2. Depolarization ratios versus wavelength for (a) prolate and (b) oblate ice particles of 
various effective radiuses. 
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Sassen et al. (2001) performed depolarization lidar observations at 532, 694, and 1064 nm. 
However, there was only one case that was used for intercomparison. The depolarization ratios 
at about 9-km cirrus layer range from 0.22 at 532 nm and 0.22 at 694 nm, to 0.25 at 1064 nm, 
indicating the same wavelength dependence of our calculations. There are two possibilities to 
explain δ values less than our calculations. One explanation is that large particles whose radii 
are larger than the calculated limit predominantly exist in the air, and other explanation is that 
spherical and nonspherical particles coexist in the air. 
 
The depolarization ratio for atmospheric aerosols should be dependent on the particle size. 
Also, it may depend on the internal mixing state because the spherical particle causes no depo-
larization. We present results for a more realistic case in which the mixing of ice clouds and 
water clouds is taken into account with a simple two-component model (Sugimoto and Lee, 
2006). We introduce the mixing ratio of ice X, which is defined as the ratio of ice cloud to cloud 
water of all phase. The depolarization ratio δX for the mixture is given by 
 
 ( )( )δ
δ
δ
+−+
=
11 XX
X
X
.  (6-2) 
 
Here δ is the depolarization ratio of T-matrix computation for ice particles at each wavelength. 
The depolarization ratios at 532, 694, and 1064 nm were calculated by following the same pro-
cedure as for our lidar wavelengths. We have used graphical interpolation to get the refractive 
indices of ice from the particular wavelengths shown in Warren (1984). The obtained refractive 
indices at 0.532, 0.694, and 1.064 µm are 1.3117 + 2.7 × 10
-9
i, 1.3070 + 2.6 × 10
-8
i, and 1.3004 
+ 1.9 × 10
-6
i, respectively. The computed depolarization ratio for nonspherical particles with the 
axial ratio b/a = 0.8 is presented in Fig. 6-3(a). 
 
We apply the depolarization ratios shown as reff = 2.3 µm in Fig. 6-3(a) to Eq. (6-2). Fig-
ure 6-3(b) illustrates the dependence of mixing ratios on the depolarization ratio δX that repro-
duces the observed values at 532, 694, and 1064 nm. Measured values of depolarization ratios at 
three-wavelength by Sassen are presented by ◊ symbols in Fig. 6-3(b). 
 
The observed depolarization behavior is indeed well reproduced by the effect of the mix-
ing of spherical and nonspherical particles. The mixing ratio of X = 0.7 as obtained by the sim-
ple two-component model corresponds well to the depolarization ratios at three-wavelength by 
Sassen. Moreover, the depolarization ratios decrease as the mixing ratio decrease. As a result, 
the existence of water droplet causes the depolarization ratio to be underestimated. 
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Fig. 6-3. Comparison between observed depolarization ratios by Sassen and calculated depola-
rization ratios for oblate ice particles with effective radius 2.3 µm on mixing ratio X = 1, 0.85, 
and 0.7. The ◊ symbols indicate the depolarization ratios observed by Sassen et al. (2001). 
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6.4. Conclusion 
 
We theoretically demonstrated that the use of multi-wavelength depolarization ratios 
makes possible the characterization of the nonspherical particles using the T-matrix computation, 
the mixing of spherical and nonspherical aerosols also reproduces the existing lidar data. Al-
though this method may not always provide a definitive identification of the shape and size, 
they can significantly narrow down the plausible range of particle microphysical parameters and 
can be important in the radiative process related to climate change. Furthermore, although these 
computations are limited to ice particles, it is applicable to other nonspherical particles such as 
Asian dust or volcanic ash plume by changing the aspect ratio and the refractive index.
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Chapter 7  
Noise Reduction 
in White Light Lidar Signal 
Based on Wavelet Transform 
 
 
    
 
White light lidar techniques occupy most chapters in this thesis, however signal and image 
processing concepts are helpful for future discussion toward the IR measurements which the 
detected white light intensity is expected to be very weak. This chapter presents a brief over-
view of wavelet denoising. 
 
 
7.1. Introduction 
 
The multi-wavelength lidar measurements using a coherent white light continuum have 
the capability of obtaining the wavelength dependence of the backscatter coefficients of aerosols, 
which can be used to evaluate the particle size distribution (Galvez et al., 2002). However, the 
present experiment does not fully utilize the potential of a broadband white light continuum. 
Lidar applications using the infrared region of the white light remain a challenge, because of the 
rapid decrease of the infrared content of the white light. Furthermore, the transmitted intensity 
of the white light was very weak for short wavelength (350 nm and 450 nm) as compared with 
the fundamental wavelength (700 nm and 800 nm). The signals are usually buried in noise, de-
pending on the power of the laser and the observed altitude. In general, the lidar signals with 
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noise can be improved by moving average method. However, the moving average method only 
smoothen the signals and does not remove specky values especially the negative values pro-
duced by noises (Fang and Huang, 2004). 
 
In this chapter, we propose a method to improve the lidar data by means of 1-D and 2-D 
wavelet shrinkage. Since the wavelet function is of a localized property, the wavelet transform 
(WT) has sensitivity to the transient signals such as lidar signal. In addition, since the WT has 
different resolutions on noise and signal, it can perform denoising process on lidar signal. 
 
7.2. Denoising algorithm 
 
7.2.1. 1-D wavelet shrinkage 
 
In the noise reduction based on WT, we have used the discrete WT (DWT) over the con-
tinuous WT (CWT) because CWT is often redundant and computationally expensive. The DWT 
involves transforming a given signal with wavelet basis functions by dilating and translating it 
in discrete steps (Daubechies, 1992). 
 
The wavelet shrinkage (Donoho, 1995) is a signal denoising technique based on the idea 
of thresholding the wavelet coefficients. The wavelet shrinkage can be summarized as follow: 
1. Apply the DWT to the signal. 
2. Estimate a threshold value. 
3. Remove the coefficients that are smaller than the threshold. 
4. Perform an inverse DWT and reconstruct the signal. 
 
An algorithm for calculating discrete wavelet decompositions and reconstructions is the 
Mallat algorithm (Mallat, 1989). The noisy experimental signal f(t) is considered as 
( )0
ks , called 
a “scaling coefficient” at the 0 level of signal decomposition. Then, as shown in Fig. 7-1, s
(j) 
is 
successively decomposed into both s
(j-1)
 and w
(j-1)
 by the following formulas: 
 
 
( ) ( )∑ −−=
n
j
nkn
j
k sps
1
2  and 
( ) ( )∑ −−=
n
j
nkn
j
k sqw
1
2 , (7-1) 
 
where w
(j)
 is called the DWT coefficient, {pn} and {qn} are the sequence of coefficient. 
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Fig.7-1. 1-D wavelet decomposition. 
 
The sequences pn of Daubechies’ wavelet is given in Table. 7-1. qn is given by 
( ) n
n
n pq −−= 11 . We have chosen the Daubechies 5 wavelet which is the most suitable for de-
noising the backscattered white light lidar signals (Galvez et al., 2006). 
 
Table 7-1. Daubechies 5 wavelet sequence 
Daubechies compactly supported wavelet for N = 5. 
N=5 
0.1601023979741929 
0.6038292697971895 
0.7243085284377726 
0.1384281459013203 
-0.2422948870663823 
-0.0322448695846361 
0.0775714938400459 
-0.0062414902127983 
-0.0125807519990820 
0.0033357252854738 
 
The level of noise in lidar data is unknown and must be estimated from the noisy data. In 
this algorithm we have used the universal threshold as suggested in Walczak and Massart 
(1998), 
 
 ( )( )NT log2σ= , (7-2) 
 
where N is the dimensionality of the input data vector and σ is the standard deviation of the 
noise. The σ is often estimated from the median value of the DWT coefficients at the first level 
of signal decomposition, 
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( )
6745.0
Median 1kw
=σ  (Fang and Huang, 2004).  (7-3) 
 
Once the threshold value has been calculated, we can apply a soft threshold to reduce the 
noise in signal. If the magnitudes of the DWT coefficients,
( )j
kw , are smaller than this threshold 
value, the DWT coefficients are replaced by zero, while the rest of them are calculated as 
( )j
kw  
− T. Signal reconstruction can be presented as follows: 
 
  
( ) ( ) ( )[ ]∑ −−− +=
k
j
kkn
j
kkn
j
n wqsps 22
1
. (7-4) 
 
The denoised signal s
(j-1)
 can be successively obtained from w
(j)
 and s
(j)
 as shown in Fig. 7-2. 
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Fig.7-2. 1-D wavelet reconstruction. 
 
7.2.2. 2-D wavelet shrinkage 
 
As shown in Fig. 7-4, the noisy experimental image f(m,n) is considered as 
( )0
,nms  in the 
same way as 1-D wavelet shrinkage. Then, the algorithm for the computation of the 
( )1
,
+j
nms  can 
be summarized by the following four equations: 
 
( ) ( )∑∑ −−+ =
l k
j
lknlmk
j
nm spps ,22
1
, ,
( ) ( )∑∑ −−+ =
l k
j
lknlmk
hj
nm sqpw ,22
,1
, , 
 
( ) ( )∑∑ −−+ =
l k
j
lknlmk
vj
nm spqw ,22
,1
, ,
( ) ( )∑∑ −−+ =
l k
j
lknlmk
dj
nm sqqw ,22
,1
, , (7-5) 
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where 
( )hj
nmw
,1
,
+
 is the coefficient which is applied to the scaling function in the horizontal direc-
tion and to the wavelet function in the vertical direction, 
( )vj
nmw
,1
,
+
 is the coefficient which is 
applied to the wavelet function in the horizontal direction and to the scaling function in the ver-
tical direction, and 
( )dj
nmw
,1
,
+
 is the coefficient which is applied to the wavelet function in both 
directions. 
 
( )0s
m
n ( )xs ,1 ( )xw ,1
m
n
( )vw ,1
( )dw ,1( )hw ,1
( )1s
m
n
1024
16  
Fig. 7-4. 2-D wavelet transform. 
 
The de-noised image can be reconstructed by 
 
( ) ( ) ( ) ( ) ( )[ ]∑∑ +−−+−−+−−+−− +++=
k l
dj
lklnkm
vj
lklnkm
hj
lklnkm
j
lklnkm
j
nm wqqwpqwqpspps
,1
,22
,1
,22
,1
,22
1
,22, . 
 (7-6) 
 
7.3. Experimental results and discussion 
 
In this section, we present previous observational results (Somekawa et al., 2006) on the 
1-D and 2-D wavelet de-noising algorithms for reducing noise in signal. We have taken a data 
size of 1024 (= 2
10
) points and decomposed into 10 levels for 1-D and 2-D wavelet denoising. 
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7.3.1. 1-D wavelet signal denoising 
 
Figure 7-5 shows the denoised lidar signal based on the above 1-D denoising procedure 
with soft threshold. For comparison, the real signal and moving average signal are presented in 
Fig. 7-5. In order to check whether our method can filter the noise out and also extract the cloud 
signals, the relatively noiseless signal at 550 nm where the transmitted white light intensity is 
intense is also presented in Fig. 7-5(a). Cloud peaks can be seen at about 0.5 km and 1 km. For 
the strong 550 nm backscattered signals, the wavelets applied for denoising cause no significant 
difference. However, it can be found that cloud signals which were buried in noise in the weaker 
channel at 350 nm became noticeable after the denoising procedure by comparing Fig. 7-5(b) 
with Fig. 7-5(a). Thus, this method can effectively detect the lidar signal buried in noise and 
reduce noise. 
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Fig. 7-5. The original liar signal from (a) 550 nm and (b) 350 nm and the corresponding de-
noised lidar signals using moving average and 1-D wavelet shrinkage (2005/03/23 2:13). 
 
7.3.2. 2-D wavelet signal denoising 
 
We applied our technique to time height intensity (THI) displays to evaluate the perfor-
mance of the proposed 2-D method. Since the backscattered lidar signals diminish with the 
square of the range, the signals were corrected accordingly. This improved to a considerable 
degree the visualization and interpretation of the obtained lidar signals. The matrix size of the 
reconstructed THI image is 1024 × 1024. Assume that the horizontal length of the stored signal 
dataset is extended to 1024 by repeating the 16-min dataset. 
 
The moving average for range series improves the signal-to-noise ratio and the image 
quality of experimental lidar THI image especially at 550 nm. But the result of this method still 
includes the noise. In the moving average THI image at 350 nm, it is not easy to discriminate 
the high-altitude cloud structures because the noises are generally more pronounces at higher 
altitude. 
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As shown in Fig. 7-5(b), the 1-D wavelet denoising images would give improved results. 
However, the 1-D wavelet denoising images become discontinuous in the horizontal direction 
because it was applied solely to the intensity level on the vertical line. 
 
The 2-D wavelet denoised images are seen to be smoothed, indicating that the noise has 
been removed. However, their images exhibit distortions of the boundaries and suffer substantial 
loss of important detail, especially rapid changes in cloud altitude. During this observation, 
low-altitude clouds changes at the altitude range 0.5 to 0.6 km, while high-altitude clouds at 
about 1 km occur at almost the same altitude. In 2-D wavelet denoising, we perform additional 
horizontal smoothing. As a result, the rapid changes in cloud altitude at 0.5-0.6 km cause a de-
crease in the signal intensity in the 2-D wavelet images, which give even poorer results. How-
ever, in high-altitude clouds, the obtained cloud profiles are slightly improved by reducing the 
noise around clouds, because the data were not affected by rapid changes of cloud altitude. This 
seems to be the key feature in 2-D wavelet denoising as compared with the moving average or 
1-D wavelet denoising. 
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Fig. 7-5. The original lidar image from (a) 550 nm and (b) 350 nm and the corresponding de-
noised lidar images using moving average, 1-D wavelet shrinkage, and 2-D wavelet shrinkage. 
 
7.4. Conclusion 
 
1-D and 2-D wavelet denoising were applied to white light lidar signals using the Daube-
chies 5. Although the wavelet denoising methods cause no significant improvement for strong 
backscattered signals at 550 nm, they are effective in extracting the signals from the noisy expe-
rimental data for the weaker channel at 350 nm. However, wavelet denoising is often inadequate 
for the rapid changes in cloud altitude when attempting to separate signals from noisy data. 
Hence, the method needs to be improved to address this situation.
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Chapter 8  
Summary and Future Prospects 
 
 
    
 
A white light lidar system, which uses self-trapping of the intense femtosecond laser pulse 
in atmospheric-pressure Kr gas, was utilized to obtain multi-wavelength backscatter and depola-
rization profiles from aerosols and clouds. The white light lidar has the advantage of performing 
at an arbitrary wavelength that is independent of the laser source. The research reported in this 
thesis describes the first use, as far as we know, of the coherent white light continuum for the 
depolarization remote sensing. The white light depolarization lidar system permits expanded 
studies to estimate the shape of clouds and aerosols. These results may be an important step in 
future studies to solve the not-yet-understood mechanisms for generating the coherent white 
light continuum or the physics of beam propagation of femtosecond laser pulse in atmosphere. 
 
In chapter 2, the initial experiments were described to provide a proof-of-principle that 
the white light depolarization lidar works, and that results correspond with more traditional 
measurement techniques. The motivation for the development of white light lidar systems with 
depolarization detection capabilities is their use for the multi-wavelength depolarization lidar. In 
addition, the properties of the white light continuum generated in Kr gas were investigated. 
White light generated from Kr gas is polarized in the same direction as the incident laser polari-
zation. Recently, various polarization dependences of the white light have been observed, such 
as conversion efficiency enhancement for circular polarization (Yang et al., 2005) and depolari-
zation of white light generated in BK7 glass (Dharmadhikari et al., 2006). These results make 
the white light depolarization techniques more manageable. Thus, applications of this white 
light would have spread widely to include femtosecond time-resolved spectroscopy (e.g., chan-
Chapter 8 
 66
neled spectroscopic polarimetry (Oka and Kato, 1999)) as well as remote sensing. 
 
The obtained depolarization ratios show the wavelength dependence, our white light lidar 
system was extended to simultaneous three-wavelength depolarization lidar system as shown in 
chapter 3. By using the three-wavelength depolarization ratio, which is obtained without any 
complex inversion algorithm, we can observe the characteristics of aerosols and clouds. We also 
evaluated the size of the particles in cloud layers by calculating the depolarization based on 
T-matrix method and comparing them with the Angstrom coefficients. In development of the 
next stage of the depolarization lidar such as the four Stokes vector measurements (Houston and 
Carswell, 1978), recent progress in the development of actively controlled liquid crystal ratard-
ers has made measurement of the complete polarization relatively simple (Guasta et al., 2006; 
Flynn et al., 2007). This has the advantage of requiring fewer receiver components and offering 
simpler single-detection calibration. 
 
In chapter 4, the Asian dust observations were introduced as a real example of environ-
mental applications using the white light lidar system. We can clearly see the indication of Asian 
dust events; the depolarization ratio became higher than the usual value of ~0. Although pre-
liminary, they open the way to a depolarization analysis of the Asian dust. Further, accumulation 
of observations is indispensable to clarify the depolarization property of the Asian dust. 
 
For backscatter lidar, multiple scattering offers new possibilities. The depolarization ratios 
by the multiple-FOV measurements were discussed in chapter 5. This chapter shows that the 
wavelength dependence of multiply scattered lidar returns may contain retrievable information 
on cloud parameter such as optical depth and droplet size. We observed the possibility that the 
depolarization ratio of the multiple scattering can provide some relevant parameters. 
 
A detailed analysis of the T-matrix computation in chapter 3 is described in chapter 6. 
This chapter gives a more detailed description of the T-matrix computation and also shows the 
evaluations of other particle shape or the mixing of spherical and nonspherical particles. Other 
favored crystal shapes, which have not been attempted in this thesis in detail, may lead to the 
more promising agreement between measured and calculated depolarization ratio. 
 
In chapter 7, we report on the wavelet denoising toward developing a technique for re-
motely analyzing simultaneous range-resolved multi-trace gas using the IR side of the coherent 
white light continuum. Our denoising results show that most of the noise in the weak signal re-
gime is removed by the proposed method and the signals from clouds and aerosols preserved 
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well. This result showed that the wavelet signal denoising can improve the detectable range of 
the white light lidar system.
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